Single crystals of Sc x Ti 1−x OCl (x = 0.005) have been grown by the vapor phase transport technique. Specific heat measurements prove the absence of phase transitions for 4-200 K. Instead, an excess entropy is observed over a range of temperatures that encompasses the incommensurate phase transition at 90 K and the spin-Peierls transition at 67 K of pure TiOCl. Temperature-dependent x-ray diffraction on Sc x Ti 1−x OCl gives broadened diffraction maxima at incommensurate positions between T c1 = 61.5 (3) and ∼90 K, and at commensurate positions below 61.5 K. These results are interpreted as due to the presence of an incommensurate phase without long-range order at intermediate temperatures, and of a highly disturbed commensurate phase without long-range order at low temperatures. The commensurate phase is attributed to a fluctuating spin-Peierls state on an orthorhombic lattice. The monoclinic symmetry and local structure of the fluctuations are equal to the symmetry and structure of the ordered spin-Peierls state of TiOCl. A novel feature of Sc x Ti 1−x OCl (x = 0.005) is a transformation from one fluctuating phase (the incommensurate phase at intermediate temperatures) to another fluctuating phase (the spin-Peierls-like phase). This transformation is not a phase transition occurring at a critical temperature, but it proceeds gradually over a temperature range of ∼10 K wide. The destruction of long-range order requires much lower levels of doping in TiOCl than in other low-dimensional electronic crystals, like the canonical spin-Peierls compound CuGeO 3 . An explanation for the higher sensitivity to doping has not been found, but it is noticed that it may be the result of an increased two-dimensional character of the doped magnetic system. The observed fluctuating states with long correlation lengths are reminiscent of Kosterlitz-Thouless-type phases in two-dimensional systems.
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I. INTRODUCTION
Materials supporting low-dimensional electronic systems are known for their exotic properties, including phase transitions towards charge-density wave (CDW) or spin-density wave (SDW) states [1] . Specific to compounds containing quasi-one-dimensional (1D) magnetic chains is the possibility of a first-order phase transition to a spin-Peierls state at low temperatures [2] . The spin-Peierls state is characterized by the presence of spin-singlet pairs and a finite energy gap for magnetic excitations, resulting in vanishing magnetic response at low temperatures. The singlet pairs are a consequence of a distortion of the crystal structure leading to a dimerization along the chains that enhances the spin exchange within each dimer. Spin-Peierls distortions can be measured by x-ray diffraction, and the magnitude of the dimerization can be taken as order parameter for the spin-Peierls state.
Theoretically it has been shown that 1D systems exhibit fluctuations of the order parameter of substantial magnitude up to temperatures well above the transition temperature T c [1] . Correlation lengths are anisotropic and the largest value can be found for the direction along the 1D system. Structural fluctuations can be traced by x-ray diffraction experiments. Fluctuations with large correlations in one direction are typically indicated by diffuse scattering which is concentrated in planes. Large correlation lengths in two or three directions result in diffuse scattering concentrated in two or three directions in reciprocal space. In case of * smash@uni-bayreuth.de; http://www.crystal.uni-bayreuth.de long correlation lengths, the width of the diffraction maxima is related to the inverse correlation length. Domain size effects or imperfections (e.g., stacking faults, internal strain, and impurities) of a real specimen may lead to additional broadening of the Bragg reflections, rendering it difficult to disentangle dynamical fluctuation regimes from the effects of imperfections in real crystals.
Ideal one-dimensional magnetic systems do not exhibit long-range magnetic ordering. Unavoidable interchain coupling, even though much weaker than the intrachain coupling, drives the systems to long-range order at low temperatures. One way of suppressing long-range order is the substitution of magnetic atoms by nonmagnetic impurities. For example, CuGeO 3 undergoes a canonical spin-Peierls transition at a temperature of T SP = 14 K [3] . Replacement of as little as 3% of the Cu 2+ ions by nonmagnetic Zn 2+ atoms is sufficient to completely suppress the spin-Peierls transition [3] . Instead, antiferromagnetic order develops below T = 4 K for dopings up to 8% [3] [4] [5] [6] . At larger doping levels long-range magnetic order does not develop at any finite temperature. Suppression of the spin-Peierls state by a few percent of nonmagnetic doping is the magnetic counterpart of the suppression of a charge-density-wave (CDW) state in 1D electronic materials induced by doping into the metallic chains [1, 7] .
Due to larger magnetic exchange interactions along the chains [8, 9] , the spin-Peierls systems TiOCl, TiOBr, and TiPO 4 exhibit significantly higher transition temperatures than T SP = 14 K of CuGeO 3 . However, the phase diagrams of these systems are more complicated than the phase diagram of CuGeO 3 , since the spin-Peierls state is preceded by an incommensurate magnetic state at intermediate temperatures [8, [10] [11] [12] . Several studies have recently been published on the effects of doping on the properties of TiOCl [8, 10, [13] [14] [15] [16] . Zhang et al. [15] reported band-structure calculations that indicate that TiOCl remains insulating upon doping with either nonmagnetic, isovalent Sc 3+ or monovalent Na + or other ions. The most interesting finding was the complete suppression of the spin-Peierls state in Sc x Ti 1−x OCl for doping levels of x = 0.01 and 0.03, while long-range magnetic order does not appear down to very low temperatures either [13, 14, 16 ]. This behavior is qualitatively different from that of other spin-Peierls compounds like CuGeO 3 . There, the spin-Peierls state persists up to 3% doping, and is then replaced by antiferromagnetic order [16] .
Here we present the results of a study by single-crystal x-ray diffraction performed on samples of TiOCl in which 0.5% of the Ti atoms has been replaced by isovalent Sc atoms. Our temperature-dependent x-ray diffraction data reveal that Sc x Ti 1−x OCl (x = 0.005) undergoes a transition to an incommensurate phase at approximately the same temperature as is observed for TiOCl. A spin-Peierls-like transition occurs at T c1 = 61.5 (3) K, somewhat lower than the transition temperature of 67 K found in pure TiOCl [8, 17, 18] . Structure refinements against the integrated intensities of the broadened Bragg reflections at T = 8 K show that the structural distortions are similar to the distortions in the spin-Peierls state of nonsubstituted TiOCl. Based on measurements of the specific heat we conclude that both the incommensurate and spinPeierls-like phases lack true long-range order. The observed apparent transition between these two states is interpreted as a novel type of phase transition between crystalline states supporting different kinds of fluctuations.
II. EXPERIMENTAL AND RESULTS

A. Crystal growth
A mixture of TiO 2 , Ti, TiCl 4 , and ScCl 3 corresponding to x = 0.005 was used to grow single crystals of Sc x Ti 1−x OCl by chemical vapor phase transport in evacuated quartz-glass ampoules according to the procedure described in detail by Schäfer et al. [19] . Transparent crystals of red-brown color were obtained that showed less well-developed facets than the yellow-brown crystals of TiOCl do. Initial x-ray diffraction experiments on several specimens confirmed the lattice parameters to be those of TiOCl. ω Scans of selected Bragg reflections were used for testing several crystals at room temperature. Most of the specimens revealed broadened Bragg reflections, indicating a large mosaic spread and poor crystal quality. Such crystals were discarded for the temperaturedependent x-ray diffraction experiments. Finally, a crystal of dimensions 0.22 × 0.06 × 0.008 mm 3 was identified and selected for the diffraction experiments reported in the following.
B. Specific heat
The heat capacities were determined on a collection (∼2 mg) of well-shaped crystals of Sc x Ti 1−x OCl (x = 0.005) with a Physical Properties Measurement System [(PPMS) Quantum Design], employing the relaxation method. The crystals were attached to the calorimeter platform with a minute amount of Apiezon N grease. The heat capacity of the platform and the Apiezon grease were measured in a preceding run and subtracted from the total heat capacities. A reference sample of TiOCl was measured in the same manner. Figure 1 displays the heat capacities of Sc x Ti 1−x OCl (x = 0.005) and TiOCl in a C p /T representation. The specific heat C p of Sc x Ti 1−x OCl (x = 0.005) does not exhibit the characteristic anomalies associated with the phase transitions as they are clearly revealed for the TiOCl sample. For Sc x Ti 1−x OCl (x = 0.005) the anomalies rather appear to be smeared out, rendering an excess heat capacity over a broad temperature regime embracing the area where the anomalies occurred for TiOCl. The entropies contained in the anomalies in TiOCl and in the broad smeared excess heat capacity of Sc x Ti 1−x OCl (x = 0.005) are about the same, indicating that the sharp transitions seen for TiOCl have been replaced by a broad fluctuation regime, which extends over a large temperature range of more than ∼50 K, i.e., more than twice the temperature regime where the incommensurate intermediate phase is seen.
C. Temperature-dependent x-ray diffraction
X-ray diffraction experiments were performed on the Huber four-circle diffractometer at beamline D3 of Hasylab at DESY (Hamburg, Germany), employing radiation of a wavelength of 0.5600Å. Diffracted intensities were measured by a scintillation detector. The single crystal of Sc x Ti 1−x OCl (x = 0.005) (Sec. II A) was glued onto a carbon fiber attached to a copper pin and mounted on a closed-cycle helium cryostat, allowing cooling of the sample down to below 8 K. At each selected temperature the orientation matrix was determined from the accurately measured setting angles of 20 symmetries in its incommensurate and spin-Peierls phases [17, 20] . Therefore, monoclinic lattice distortions were investigated by searching for splittings of the (0 2 −4), (2 0 −5), and (2 −2 −4) reflections. A splitting of these reflections in the direction of the scattering angle 2θ implies a deviation from 90 deg of the angles α, β, and γ , respectively. Employing procedures described elsewhere [21] , the diffracted intensity around these three reflections was measured as a function of 2θ and the crystal orientation ω, resulting in so-called ω-2θ maps (Fig. 2) . Such maps were collected at temperatures of 8, 80, 100, and 298 K, thus covering the spin-Peierls, incommensurate, and normal phases. None of the peaks appeared to be split at any of the four temperatures [see Supplemental Material (Figs. 1-4) ] [22] . This finding indicates that the lattice remains orthorhombic down to T = 8 K. Integrating the diffracted intensities over the direction ω results in the dependence of diffracted intensity on the scattering angle 2θ . These plots even more clearly prove the absence of a splitting of reflections (see Fig. 3 and Supplemental Material (Figs. 5-8)] .
Superlattice reflections were investigated at selected temperatures between 52.5 and 90 K by q scans along a * centered at (1 −0.5 −9), (0 −2.5 −3), (0 −1.5 −1), and (0 −1.5 −2). A single superlattice peak was observed at (h k + 0.5 l) in each scan between 52.5 and 60 K. These superlattice reflections indicate a commensurate modulation with a propagation vector q SP = (0, 0.5, 0). They are found at the same positions as the superlattice reflections of pristine TiOCl in the spin-Peierls phase below T = 67 K. Between 62.5 and 87.5 K the scans reveal two superlattice peaks at incommensurate positions described by (h ± q 1 k + 0.5 l) [ Fig. 4 and Supplemental Material (Figs. 9-17) ]. The magnitudes of the incommensurate component q 1 have been determined from the separations within pairs of superlattice reflections observed in each q scan. The positions of the superlattice reflections were determined from fits of pseudo-Voigt profile functions to the data, employing an individual function for each reflection (Fig. 4) . The values of q 1 as obtained from the four different q scans are in excellent agreement with each other. The temperature dependence of q 1 is well described by a critical power law,
The fit to the data resulted in an accurate estimate of the critical temperature T c1 marking the transition between the states with incommensurate and commensurate superlattice reflections, respectively (Fig. 5 ). The value of T c1 = 61.5 (3) K is 5.5 K lower than the value of the spin-Peierls transition temperature in TiOCl. The resolution of our experiment was insufficient to resolve a possibly very small incommensurate component of the modulation wave vector along b * , as it has been established for TiOCl [23, 24] .
ω Scans were performed at the commensurate positions (1 −0.5 −9), (0 −2.5 −3), and (0 −1.5 −1) and at the positions of 27 main reflections for selected temperatures between 8 and 87.5 K [see Supplemental Material (Figs. 18-29) ]. Integrated intensities of the main reflections are nearly independent of temperature. Generally, the main reflections are much narrower than the commensurate satellite reflections. However, the width of some reflections varied with temperature. For example, between 8 and 87.5 K the FWHM of the reflection (1 −1 −8) varies between 0.0278 and 0.0132 deg (Fig. 6 ). Contributions to the observed variation may come from the fluctuations discussed below. However, other contributions cannot be excluded, like a temperature-dependent uniaxial stress induced by the glue used to fix the crystal.
At low temperatures the commensurate superlattice reflections are considerably broader than the main reflections (Fig. 6) . The FWHMs pass through a minimum at 50 K and steeply increase for temperatures above 50 K. This rapid growth of the FWHM above 50 K does not allow the (0 −1.5 −1) and (0 −2.5 −3) reflections to be observed at temperatures above 57.5 K. For the (1 −0.5 −9) position, a broad diffraction ridge remains visible up to 80 K.
The different FWHM of the three measured superlattice reflections can be related to the directions of the ω scans in reciprocal space (see caption of Fig. 6 ). They indicate that both at low temperatures and in the transition region between 50 and 61.5 K, the largest correlation length is along a direction with a large component along b, i.e., along the magnetic chains, while the correlation length along a rapidly decreases above 50 K. Unfortunately, the restrictions imposed by the closed-cycle cryostat did not allow scattering experiments significantly outside bisecting position (ω ≈ θ ), so that ω scans along c * or other high-symmetry directions could not be performed. Therefore, conclusive information concerning the loss of correlations along c could not be obtained.
The directions of the ω scans on the reflections (0 −1.5 −1) and (0 −2.5 −3) are close to a * , but their widths are clearly insufficient to reach ω values of the incommensurate positions as found at temperatures above 61.5 K (Figs. 5 and 6 ). Accordingly, diffracted intensity is not found in these scans for temperatures above T c1 . The ω scans on (1 −0.5 −9) have component zero into the incommensurate direction (Fig. 6) . Instead, the incommensurate positions will have been in diffraction position outside the principal diffraction plane, but still into a direction within the opening angle of the detector, because the difference (q 1 0 0) between commensurate and incommensurate scattering vectors is small as compared to the length of the scattering vector (1 −0.5 −9) itself. This explains the observed intensity above T c1 of this reflection.
At a temperature of 8 K the intensities of a set of main and commensurate satellite reflections have been measured up to [sin(θ )/λ] max = 0.75Å −1 , using a wider scan window for the broader superlattice reflections. Integrated intensities were obtained from the ω scans by the software REDUCE [25] , resulting in a total of 490 reliable satellite reflections. A total of 567 main reflections were obtained. However, inspection of the ω scans revealed that 141 reflections had moved out of the scan window, possibly due to a slight misalignment of the crystal. These 141 reflections were removed from the data set.
Subsequently, an absorption correction was applied using the software JANA2006 [26] , based on a crystal shape determined by inspection through an optical microscope. JANA2006 was also used for structure refinements against the integrated intensities of the reflections, following procedures applied previously for TiOCl at 10 K [17] .
The twofold superstructure has been described as a commensurately modulated structure with q = (0, 1/2, 0) and superspace group P mmn(0 σ 2 0)000 [No. 59.1.9.4 with standard setting P mnm(0 0 σ 3 )000] [27] . Distortions out of the basic structure of P mmn symmetry have been modeled by a single harmonic for the displacement modulation functions. Initial structure refinements lead to small negative values gave the best fit to the data. The corresponding structure model with the a-unique monoclinic space group P 2 1 /m is similar to the twofold superstructure of TiOCl in all aspects (see Fig. 7 ) [17] . In this monoclinic structure model all Ti-Ti chains along b are dimerized, evidencing a spin-Peierls-type distortion.
III. DISCUSSION
Sc x Ti 1−x OCl does not develop long-range magnetic order for doping levels of x = 0.01 and 0.03 [13, 14, 16] . Clancy et al. [13, 14] have reported x-ray diffraction experiments with a pair of nonresolved superlattice peaks at (2 ± q 1 , 1/2, 1) in q scans along a * . The increased width of the scattering maxima in those experiments indicated short correlation lengths of ∼12Å. This incommensurate scattering has been reported to be present at all temperatures below ∼93 K, thus indicating absence of long-range order and absence of the lock-in transition to a possible spin-Peierls state.
Here, the temperature dependence of the specific heat provides evidence for the absence of phase transitions of a sample of doping level x = 0.005 (Fig. 1) . Contrary to compounds with higher doping levels reported elsewhere, a resolved pair of incommensurate superlattice peaks is observed below T = 90 K with a temperature-dependent incommensurability (Fig. 4) , which is similar to that of TiOCl [23, 24] . However, the incommensurate propagation vector vanishes at a temperature of T c1 = 61.5 (3) K (Fig. 5) , about 10% lower than the transition temperature of TiOCl (67 K). This observation confirms the successful substitution of Ti by Sc. Replacement of Ti by nonmagnetic Sc atoms suppresses the transition, a finding which is in general agreement with observations on other low-dimensional electronic crystals. At the same time it shows that an incommensurate-to-commensurate transition persists for the x = 0.005 compound, even though the thermal properties display only a broad, smeared out excess heat capacity in this temperature regime.
The widths of the superlattice reflections in the q scans is found to be considerably larger than that observed for similar scans on TiOCl (compare Fig. 4 to Fig. 2 of Ref. [23] and Fig. 2 of Ref. [24] ). ω Scans centered at the positions of selected commensurate superlattice reflections show them to be substantially broader than the main reflections (Fig. 6) . These results strongly suggest the absence of long-range order in both the incommensurate and spin-Peierls-like phases, although correlation lengths are considerably longer than of the samples reported in Refs. [13, 14] .
The major difference to previous experiments on the system Sc x Ti 1−x OCl is that we do detect the spin-Peierls dimerized state at low temperatures. The present x-ray diffraction experiments can only be reconciled with the absence of anomalies in the heat capacity, if we assume that thermodynamic phase transitions are suppressed by structural fluctuations, most likely of static nature. However, the correlation lengths of the fluctuations are found to be much larger than previously concluded from investigations on higher-doped samples. The refinement against the integrated intensities of the reflection maxima collected at T = 8 K resulted in a structure model largely equal to the dimerized structure of the spin-Peierls state of TiOCl. Within the present interpretation, the structure refinements imply that the fluctuating phase indeed is the spinPeierls state known from TiOCl, albeit without long-range order. The interpretation as a phase without long-range order is supported by the orthorhombic lattice of Sc x Ti 1−x OCl (x = 0.005) at all temperatures, despite the monoclinic symmetry of the fluctuating spin-Peierls distortions.
q Scans along a * have indicated an incommensurateto-commensurate transformation on cooling through T c1 = 61.5 K (Figs. 4 and 5) . ω Scans on selected commensurate superlattice positions then have shown that correlation lengths of the fluctuations are relatively short just below T c1 , and increase until they reach their maximum value at T = 50 K and remain approximately constant below this temperature (Fig. 6) . Instead of a sharp critical transition temperature between two thermodynamic phases, a novel aspect of the observed behavior is the gradual diminishment of the correlation length of the spin-Peierls-like fluctuations over a range of temperatures of ∼10 K, until they are replaced by a state with incommensurate fluctuations above T c1 .
The absence of long-range order in both low-temperature regimes can be attributed to the presence of a small amount of nonmagnetic Sc 3+ ions replacing the Ti 3+ ions. Each nonmagnetic site locally disrupts the magnetic order or spinPeierls order. Since they represent point defects, long-range order should not necessarily be destroyed, if the level of doping is sufficiently small. Instead, doping would lead to a lowering of the transition temperatures. This behavior has been observed in the spin-Peierls compound CuGeO 3 and in 1D electronic materials exhibiting a CDW transition, whereby the state of long-range order persists up to a few percent of doping [1, 3] . The loss of long-range order in Sc x Ti 1−x OCl at a doping level of x = 0.5% appears to be atypical. We have not been able to find an entirely satisfactory explanation for the singular behavior of Sc x Ti 1−x OCl. Although at present we were not able to determine the character of the spatial correlation functions, we notice that a state without true long-range order but with long correlation lengths is reminiscent of a Kosterlitz-Thouless phase with quasi-long-range order [28] .
IV. CONCLUSIONS
Sc x Ti 1−x OCl with x = 0.005 on cooling transforms into an incommensurate phase below ∼ 90 K and then into a commensurate phase below T c1 = 61.5 (3) K. The shift of the spin-Peierls-like transition toward temperatures lower than observed for TiOCl is in line with the effects of doping on other low-dimensional electronic crystals. However, both phases lack true long-range order. Instead, they should be considered as crystalline phases of orthorhombic TiOCl-type structures supporting incommensurate and commensurate fluctuations of particularly large correlation lengths. Temperature-dependent x-ray diffraction has shown that the commensurate fluctuations are those of a local spin-Peierls structure with monoclinic symmetry, despite the overall orthorhombic lattice symmetry.
The loss of long-range order upon Sc doping of TiOCl occurs at much lower doping levels than the destruction of long-range magnetic or CDW order in other 1D electronic crystals. Although we do not have a completely satisfactory explanation for this difference, we do like to mention the possibility that doping might be responsible for an increased 2D character of the magnetic system. The observed fluctuating states with long correlation lengths then are reminiscent of Kosterlitz-Thouless phases in 2D systems [28] , i.e., existing on the TiOCl layers building the structure.
A novel feature is the transformation of one fluctuating regime to another. In agreement with the absence of long-range order, the transformation is not a phase transition occurring at a definite temperature, but it proceeds gradually over a temperature range of at least 10-K wide.
